diverse tissues, such as the eye, wing, leg, and notum. A similar core set may also operate in vertebrates [3] . The core genes include frizzled (fz), which encodes a seven-pass transmembrane protein of the Wnt receptor family, dishevelled (dsh), which encodes a multidomain 
loop. However, if the initial difference in Fz/Dsh signaling between the R3 and R4 is small (as predicted by most models), then any mutation that compromised the signaling activity in only the equatorial cell (i.e., the cell in the polar cell of the R3/R4 pair, which specifies R4 fate, and high Dl activity in the equatorial cell, which where Fz/Dsh activity is normally highest) would cause a switch in cell fate because the polar cell would now becomes R3. The current model is that an initially weak bias of Fz signaling between R3/R4 leads to a weak bias have higher signaling. Therefore, we examined mosaic ommatidia in which either of the R3/R4 pair were defiin N/Dl, which is then amplified. As fz activity is required in R3, this predicts that Fz should either activate Dl or cient in bsk, RhoA, or Rac activity to see whether the direction of signaling was ever reversed. Again, we did repress N in this cell, although the mechanistic details of how Fz modulates N/Dl activity are still uncertain. not see any change in m␦0.5 expression, even when only the equatorial (presumptive R3) cell was mutant One proposal is that Fz signals via Dsh and Rho family GTPases to activate a MAPK cascade of the JNK class, ( Figure 2J) . Similarly, mosaic analysis of ommatidia in the adult eye with different levels of RhoA activity in R3/ leading to the transcription factor Djun upregulating Dl transcription [17-19]. However, evidence in favor of this R4 did not reveal an effect on cell fate consistent with RhoA activity promoting R3 fate ( Figure 2L , Table 1 ). comes primarily from overexpression of dominant-negative or dominant-active components of the proposed
The RhoA and Rac genotypes tested nevertheless elicit polarity phenotypes in adult eyes, even though cascade, and the effect of loss of function mutations on N activity in R3/R4 has not yet been examined.
there is no disruption to N signaling in R3/R4. For this reason, we reexamined the adult eye phenotypes. MutaHere we have further investigated the relationship between the polarity genes and N activity in the developing tions in core planar polarity genes result in high rates of both ommatidial rotation and chirality defects: indeed, eye. Specifically, we investigate two questions. First, can the activity of the Rho/Rac GTPases and JNK patheven weak mutations result in a high rate of chirality defects (as a proportion of all polarity defects) ( Table 1 , way account for the effects of Fz on N activity and R3/ R4 fate? Second, do polarity decisions in the eye involve see also Figure 4G ). However, in RhoA and Rac back-grounds, chirality defects are exceeding rare or absent, although defects in ommatidial rotation are relatively common. In particular, the rates of chirality defects compared to rotation defects were 10 to 30 times lower in these genotypes than in mutations for planar polarity loci ( Figures 2K and 2L Figure 2I ), although it does sometimes disrupt photoreceptor recruitment. Hence, the levels of Dl transcription do not appear to be a critical determinant of R3/R4 fate.
Thus, we conclude that it is highly unlikely that Rho/ Rac GTPases or the JNK cascade play a primary role downstream of Fz/Dsh in modulating N/Dl activity and determining R3/R4 fate, although they do influence rotation. Furthermore, the orientation of the R3/R4 fate decision does not appear to be dependent on transcriptional regulation of Dl. Polarity of ommatidia was scored in eye sections crossing the equator from homozygous mutant individuals. dsh 3 and Rho M1 were scored in mitotic clones, counting nonmosaic ommatidia away from the clone boundaries. Bottom row shows polarity defects associated with mosaic Rho M1 ommatidia at clone boundaries: only one chirality defect was observed in an ommatidium of genotype R3Ϫ/R4ϩ (which due to the polarity reversal indicates that the presumptive R3 cell in the disc was Rho ϩ and the presumptive R4 was Rho Ϫ ). It was noticed that equator formation was often disrupted in Rho M1 clones, and many abnormal ommatidia were seen in this region (see Figure 2L ), making accurate scoring difficult; so in this genotype, the two ommatidial rows straddling the equator were not scored. Ommatidia that showed both rotation and chirality defects are counted in the "chirality" column. Unscoreable ommatidia have too many or too few photoreceptors. Figure 3D) . Thus, about two rows prior to ommatidial rotation, Fz-GFP is asymmetrically block initial symmetric apical accumulation but leads to a delay in the establishment of the asymmetric pattern distributed across the R3/R4 boundary. As studies in the wing demonstrate that Dsh adopts the identical of Fz-GFP by about one to two ommatidial rows, with a concomitant delay in the onset of ommatidial rotation asymmetric localization to Fz (and indeed their asymmetric localization is mutually dependent) [6], we infer ( Figures 4C-4E) . Furthermore, the polarity of the asymmetric distribution is largely random, correlating with that Dsh is also differentially localized on the R3 side of the R3/R4 boundary. the random polarity decisions in these backgrounds. Mosaic analysis with Fz-GFP in a stbm background conThe polarity gene stbm is required for R4 fate [29] , so we investigated whether this protein also shows an firmed that Fz-GFP did indeed eventually adopt its normal asymmetric distribution, being localized on the R3/ asymmetrical localization in R3/R4 using a Stbm-YFP transgene. Stbm-YFP is apically localized in cells poste-R4 boundary in the cell taking the R3 fate and on the outer boundary of the cell taking the R4 fate (as judged rior to the furrow ( Figure 3E) , and, subsequently, its distribution is similar but distinct from that exhibited by by the associated ommatidial rotation, Figure 4F ). (as is observed in the wing [6, 7] ). Similarly, when we analyzed Stbm-YFP distribution in fz clones, we found then we would predict that mutations in polarity genes ity in one or other cell, with 32% showing higher levels in the polar cell (as in the wild-type) and 19% showing higher levels in the equatorial cell (n ϭ 134). Examination of m␦0.5 in a pk-sple background revealed that, as in sple, m␦0.5 is frequently high in both the R3 and R4 cell (53% in rows 5 through 10) but often resolves late into one cell by rows 10 through 14 ( Figure  5C ). Mutations at the pk-sple locus lead therefore to a more stochastic outcome of N activation, but, unlike the other genotypes assayed, the overall level of N signaling generally reaches levels similar to wild-type.
Thus, in genetic backgrounds where asymmetric polarity protein distribution is disrupted or delayed, m␦0.5 expression is significantly affected, being generally low in both R3 and R4 (in fz, dsh, fmi, and stbm) or high in both cells (in rows 5 through 10 of sple and pk-sple discs). In discs lacking stbm, sple, or pk-sple function, asymmetric localization of Fz/Dsh/Fmi does eventually occur in the R3/R4 photoreceptor pair with a random bias: this again correlates with m␦0.5 expression, which often resolves into one cell.
Correlation of Notch Signaling in R3/R4 with Mosaic Planar Polarity Gene Activity
In ommatidia that are mosaic for fz function in R3/R4, the fz ϩ cell generally takes the R3 fate [12, 13]. This suggests that fz activity and thus Fz/Dsh localization in with Dsh interacting with N at the membrane to repress its activity. The opposite situation is seen in stbm mosaics where the cell of the R3/R4 pair that is stbm Ϫ shows an R3 that perturb asymmetric protein localization should also affect N activity. For example, mutations that eliminate fate, whereas the stbm ϩ cell has R4 fate [29] . Analysis of asymmetric protein localization and m␦0.5 expression asymmetric localization might be expected to result in stochastic activation of N.
in similar mosaics in the disc indicates that a cell with Fz/Dsh localized at its R3/R4 boundary will have lower N Our previous studies showed that in fz or dsh mutant discs, m␦0.5 is never activated to high levels in either activity, consistent with it taking on R3 fate. In ommatidia with the presumptive R4 cell stbm Ϫ , the asymmetric cell of the R3/R4 pair, suggesting that there might be a failure of initial activation of N activity ([16] and see localization of Fz/Dsh in R3/R4 is reversed so that it accumulates on the polar side of the boundary (see Figures 2B and 5D) . In contrast, mutations in sple were found to result in initially high m␦0.5 in both the R3 and Figures 4C and 4J) , and the equatorial cell now shows high levels of N activity, indicating a reversal of polarity the R4 cell, eventually resolving into only one cell.
We now find that fmi and stbm also alter m␦0.5 expres-( Figures 5E and 5G) . In fmi clones, neither one nor the other cell appears sion ( Figures 5B, 5E , and 5F). In fmi mutant cells, N activity is generally low in R3/R4, and, as in fz and dsh to be a critical determinant of bias. Thus, if either R3 or R4 are mutant for fmi, there is a slight rescue of Notch backgrounds, a stochastic outcome is seen with 42% of ommatidia having no bias in signaling and 34% showing signaling compared to ommatidia where both are mutant (although levels of signaling remain low, Figures 5F and higher levels in the polar cell (normal orientation) and 23% in the equatorial cell (n ϭ 137). A similar situation 5G), but the bias in signaling is not altered (i.e., highest levels of m␦0.5 are most frequently seen in the presumpis observed in a stbm background, where again general levels of N activity are low, and about 49% of ommatidia tive R4, whichever cell is mutant, Figure 5G ). These data are consistent with a model in which Fmi is present on show low or zero N in both R3/R4. The remaining 51% of ommatidia eventually show visibly higher m␦0.5 activboth sides of the R3/R4 boundary, where it facilitates marked dominant effect on the resolution of signaling between R3/R4. More ommatidia showed poor resolution, such that m␦0.5 expression was detected in both R3/R4 (20%), and in a few cases signaling had resolved in the incorrect direction, altering chirality and direction of rotation (Figures 6B and 6D) . N mcd8 hemizygotes (N mcd8 /Y) also showed delayed discrimination, with more ommatidia exhibiting m␦0.5 expression in R3 as well as R4 in rows 5 through 12 (older rows having more normal expression) and occasional ommatidia exhibiting reversed chirality (Figures 6C and 6D) . Much weaker effects were seen if the level of Notch was simply reduced (N 55e11 /ϩ, Figures 6A and 6D) . These data therefore are consistent with asymmetrically localized Dsh directly influencing N activity via its C-terminal region.
A direct interaction is further supported by the effects of overexpressing some Dsh dominant-negative constructs. In the wing, overexpression of a form of Dsh lacking the PDZ domain (Dsh⌬PDZ) gives strong effects on planar polarity and disrupts the apical localization of Fz/Dsh, whereas a form lacking the C-terminal DEP domain (Dsh⌬DEP) causes weaker effects [6] . Conversely, in the eye, the strongest phenotypes are seen with Dsh⌬DEP, resulting in a high frequency of achiral ommatidia in the adult [32] and in low levels of m␦0.5 in the disc (data not shown). We attribute the greater severity of the eye phenotypes seen with Dsh⌬DEP to this molecule retaining its N-terminal domain that can interact with N [27] and so interfering more potently with N signaling and R3/R4 fate decisions than does Dsh⌬PDZ (which lacks a large part of its N terminus). the Drosophila genome has no effect on planar polarity chromosome SM5a:TM6b to enable selection of larvae of the correct genotype. Mitotic clones were generated using the FLP/FRT [37] [34]. In addition, notwithstanding the observation that system and marked in eye discs using Armadillo-lacZ [38] or Ubiloss of Djun activity can result in ommatidial polarity 
